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(54) Vehicle yaw control method 

(57) A vehicle yaw control method utilizing differen- 
tial braldng of the vehicle wheels to impart a desired 
yaw moment on the vehicle, the vehicle having a pair of 
un-driven wheels, the method conTprising the steps of: 
measuring speeds of the un<lriven wheels of the vehi- 
cle (28. 30, 32, 34); estimating a yaw rate of the vehicle 
based on a difference between the measured speeds 
(134); analyzing known vehicle parameters Including 
the measured wheel speeds, a yaw error based on devi- 
ation of the estimated yaw rate from a desired yaw rate, 
vehicle steering angle, and presence of driver braking to 
deterntine when the estimated yaw rate is valid and 
when the estimated yaw rate Is invalid (104); differen- 
tially braking the vehicle wheels to inpart a yaw 
moment based on the deviation of the estimated yaw 
rate from the desired yaw rate when the estimated yaw 
ratals determined to be valid (108, 110, 112. 114. lie); 
and differentially braking ttie vehicle wheels to inpart a 
yaw moment based on the desired yaw rate without 
regard to the estimated yaw rate when the estimated 
yaw rate is determined to be Invalid (118. 120 114 
116).. 
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lOOOIJ This invention relates to vehide yaw control method. 

[0aj2J Chassis control technology has achieved noteworthy progress, thanks to advancemenls in s^nr, and ««. 
pijngtechnologesaswellasadv^ 

M systems using active means to achieve a more maneuverable vehicle. One siSe "t^me^TiSL^S^^ 
a^istmentrtthetirelbrcesthroughthebraW^ 

ateteialaccelerometef.andayaw rate sensor to deviseayaw rate feedback SST^u^ 

^"'^^ ^^'"^ oversteer^co^SiSnS^fe 

d'S^r^TerCrre^rStr^^^^^ 
sensor.«J«reinthevarK«yofaneslh^^ 

wvdhv^ wheels of the vehicle, and various other conditions are utilized to detemiine if the estiroS wJSTte «m 
toxontrolpurp«es.Whenitisdeterminedthatthe«^^^^ 
jr^^employed. whereas in conditions under which It IscLenrtnedtt^ 
^corjo^rategy. such as an open^oop ffeed-fb-waid 

i^- ^Sf^"^ *° ^ *® ^ ^«««y o< estimated yaw rate iudoed based on a b»irai 

speeds of the un-dnven wheels are used to conpute an average un-driven wheel sr^ed nnn I^J-.-^V'**' 
whe«l acceleration, "me operator steenng angle aSl the vehi^SCr^t^Sdtd^Sn^a^^^ 

wh^erthe eshmated yaw rate is valid, and selecis an appropriate control methodology in aoSZTX^Z 

100081 The present invention is now descnbed by way of example with reference to the drawings in which: 

SliV^?^ of a vehicle including an electronic cortroOer and associated input and output devices consti- 
rSiSir '^'^'^^ ^ <«*ol Utilizing an example vehicle y^S retSSt, 

ure 3. Figure 4 is directed to an example Bralie Disturbance status check: Roure 5 is direet^i m on^^L 
Straight-Une status check; Figure 6 is directed to an example Rate Jj^SS ^is IrSS 

rTSevSSTlOM^es%"S2r^f':hJ 

22 M «f «^ ^ ® microurocessor based oontroner 68 for controlling the biBkes 20 

nais on lines 36. 38. 40. 42 from respective wheel speed sensors 28. 30 32 34- a brake opHoi travel ej«r.«i «1 n^T^ 
frompedal,,avelsensor82:asteering Wheel anglesignal on line 62^ 
sure signal on line 96 from the pressuresensor 94. The sensors 28. 30. 32. 33.67^85 
conventional devices in a manner known to those skilled in the art ■**'*'^'«2'«5.94 may be implemented with 

S« ^* ^P-'""!^' " "on-nnear operation, the controller 68 

jnodrfies ti^e normal braking of one or more wheel 12. 14. 16. 18 via ttie respective actuators KM ss a 

more of tt^e r^pecbve actuator(s) 52. 54. 56. 58 to modulate the brake fbrce developed at Ihe^hS^^^ 

S.S?„«r^ * """""S '^^f'J- a case of lateral non-linear opeSn. theSS sf,;,^: 

mandsoneormaeoftherespectnreactuator(8)52.54.56.58toselectivelyincrea8e«^^ 
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erated at the variw© wheels 12, U. 16, 18 to pnxfuce a commanded yaw; the control may be cam-ed in a two-channel 
system in wWch only the front t)fal« 20, 22 are controned, w 

26 are controlled. Exemplary actuators are shown and descraied in detail In the US. Patent Na 5,366,291 , assigned to 
the assignee of the present inventioa 

[0009] A main flow diagram for carrying out a control according to an example of this invention is depicted in Figure 
2. The block 100 designates a series of initialization instructions executed at the initiation of vehide operation for appro- 
priately setting the initial condition or state of tfie various tenns and f la^ refened to below. After reading the various 
sensor inputs at block 102, the block 104 is executed to detemtine the status of the YAW VAUD FLAG. The status of 
the YAW VAUD FLAG indicates whether the estimated yaw value is considered to be valid, and the status of the flag is 
periodicany detennined by tt)e inteffipt servfce routine of Rgure 3, described below. 

10010] If the estimated yaw rate is considered to be vafeJ (i.a. YAW VAUD FUG = 1), ttie blocks 106-1 12 are exe- 
cuted to detennlne a closed-loop yaw command. Block 106 detemiines a desired yaw value for ttie vehicle based on 
vanous inputs including ttie vehicle speed and ttie measured steering wheel angle. Block 1 08 detern^es tiie yaw error 
based on tfie deviation of the yaw estimate from tiie desired yaw rata Block 1 1 0 detemiines a yaw late command based 

on the yaw rate em>r and suitable gain factors, and block 1 1 2 decWes if active brate 
d^ined entry and exit conditions. 

(001 1] If the estimated yaw rate is considered to be invalid (YAW VAUD FUG = 0), ttie blocks 1 1 8-120 are executed 
to delennine an open-loop or feed-fonvard yaw command based on various inputs including ttie vehicle speed and ttie 
measured steering wheel angle. For example, a desired yaw rate value Q^^ msv be detennined according to ttie 
expression: ^ 

Qdes = Vx6/{L+K„V,') (1) 

where L is wheel base of ttie vehicle, and is an understeer coefficienl. and ttie yaw command may be detennined 
witti conventional proportional and derivative control gains. Block 120 decides if active brake control is warranted based 
on predefined entry and exit conditions, which may differ from ttie entry and exit conditions designated at block 1 12 
10012] Finally, block 1 14 cames out an algorittim for distributing braking forces between ttie left and right vehicle 
wheels, and block 1 16 applies conesponding brake control signals to ttie brake actuators 152-158. Preferably, braking 
IS only applied to ttie driven wheels of ttie vehicle so as to not corrupt ttie yaw estimate. Various brake distribution strat- 
egies may be utiGzed, exemplary strategies being disclosed in ttie U.S. patent applications Serial No. 08/654.982 and 
Serial No. 08/732.582. botti of which are assigned to ttie assignee of tfie present inventicxi. 
10013] As indicated above, Figure 3 is a flow diagram for an interrupt sendee routine which is executed in response 
to a periodic intenupt request to detennine ttie status of ttie YAW VALID FUG. Block 132 designates input signal 
processing such as filtering of ttie wheel speed signals to r^ect ndse or unwanted information. The yaw rate is ttien 
estimated as a function of ttie left and right un-driven wheel speeds a>i and and ttie track t of ttie vehide. as indicated 
at block 134. In ttie usual appFication. tfie vehicle has a front-wheel drive powertrain. and ttie un-drlv»i wheels are ttie 
left and right rear wheels 16 and 18. In tfie illustrated embodiment tfie estimated yaw rate is determined accordina 
totiieexpressfon: ^ 

^B-—r (2) 

[0014] Block 136 tfien determines tfie ample aritfimetic average of speeds of tfie un<friv«i wheels, and block 
138 estimates ttie average acceleration aa^g of tfie un-driven wheels. The average acceleration aa^g may be estimated 
as a function of cunent and previous speed and acceleration values according to tfie fdlowving exixession. where ttie 
designation (k) refers to the current control loop, and ttie designation (k-1) refers to ttie prior control loop: 

^avW = (1 'Tg i)^sy(k'1)+T9 ^(o^y{k)+Ta (3) 

a^(/f)=a^(/c-1)+r|^2(<o^(/f)-i^(A)) (3) 

where T is ttie sampling time or period, and ttie gain terms gi and gg are given by ttie fbllowing expressions: 

gio2«2nf J,andg2«(2iifJ* (4) 

where $ is ttie desired damping ratio, and ff„ is the desired bandwidtti. The damping ratio ? governs ttie convergence of 
ttie estimated and true acceleration, whfle ttie bandwidtti f„ detennines ttie maximum frequency content of ttie acceler- 
ation to be included in the estimation. 

[0015] Blocks 140-152 are ttien executed to determine ttie status of a number of flags which incficate ttie presence or 
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absence of various predefined operating conditkms relerant to the validity of the yaw rate detennined at block 134 
B^140 concerns the status of a Brake Disturbance flag (BK-DIST FLAG), described in detail bekw in reference to 
ttie flow diagram of F^e 4. Block 1 42 concerns the status of a Straight Une flag (ST-UNE FLAG), described in detail 
bdow m reference to the flow diagram of Figure 5. Block 146 concerns the status of a V&w Error flag (YAVW^ RR FLAG) 

5 described m detail below in reference to the flow diagram of Figure 6. Block 148 concerns the status of An Onset of 
Non-linear Operation flag (INSTAB FLAG), described in detail below in reference to the fkw diagram of Figure 7 Bk>ck 
150 concerns the status of a Brate Disturbance History flag (BK-DIST HIS FLAG), described in detaa below in refer- 
ence to the flow diagram of Figure 8. Block 152 concerns the status of a Spin Detection flag (SPIN FLAG) descra)ed 
in detail below in reference to the flow diagram of Rgure 9. RnaDy. block 154 concerns the status of the \bw Rate Valid 

10 flag (YAW-VAUD FLAG) ref^ed toatfalockl04ofthenia!nflow diagram of Figure 2. and Is detaHed below in reference 
to the flow diagram of Rgure 10. 

[0016] The Brake Disturbance flag (BK-DIST FLAG) is intended to indicate the presence of a brake disturbance. This 
flag IS used in detenmning the status of the Brake Distuibance History flag (BK-DIST HIS FL«Q) described below h 
ref^e to the ftow diagram of Figure 8. H the senme brakes are applied, as determined at btock 160 of Figure 4 
15 blocks 162-164areexecutedtoinitiali2eafimerorcounterreferredtoherelnastheBrakeDisturbanceTimer(BK^ 
TMR) to a predetemiined value, designated as BKTIME, and to set the BK-DIST FLAG =1. Once the brakes are 
released, the blocks 166-168 are executed to decrement the Brake Disturbance Timer at each interriq)! until the timer 
value has been decremented to zero. At such point, block 166 wfll be answered inthe afTffmative. and block 170 Is exe- 
cuted to set BK-DIST FLAG - 0. Thus, the BK-DIST FLAG is set at the inHiatton of btaMng. and reset a predefined time 
so after the txBkes have been released. 

I0M7] The Straight Une flag (ST-LINE FLAG) is intended to indicate whether the vehicle 10 is heading straight- that 
IS, not turning. This flag is used in determining the status of the SPIN flag (SPIN FLAG) descrbed below in reference 
!^,«* ^^^J^ 9- " *e steering wheel angle (SWA) in either direction is less than a reference angle 

{SWAo,i) and the estimated yaw rate in either direction is less than a reference rate ^^#,1, as detennined by blocks 
180 and 1^ of fTgure 5, the bkx* 184 is executed to increment a timer or counter referred to herein as the Straight 
Lirie Timer (ST-UNE TMR). Othenwise, block 186 is executed to reset the Straight Une Timer to zera So long as the 
value or count of ST-LINE TMR is less than a reference time designated as SLTIME. as deterntined at block 188 the 

" °- *® or coum of ST-UNE TMR exceeds SLTIME. the block 190 'sets 
ttie ST-UNE FLAG = 1 . Thus, the ST-LINE FLAG is maintained in a reset (0) condiikm until straight Hne driving condi- 
tons (steenng wheel angle and yaw) have been established for a predefhed period of time 
100181 The \&w Rate En-orflag (YAW-ERR FUG) is intended to indicate whether the vehicle 10 is in a linear operating 
region, based on the deviation of the estimated yaw value from the desired yaw value determined at blocks 106 or 
1 18. This deviation, referred to herein as the yaw en-or, or is determined at block 198 of Rgure 6. If the yaw error 
in either direction is at least as great as a threshold enror ^m. as determined by btock 200. the blocks 202 and 
204areo<«^edtosettheYAWERRORRJVQ«o.andtoresetato^ 

Tirner (YAW-ERR TMR). If the yaw error is within the threshold error, blocks 206-208 increment the Yaw Error Timer at 
each mtenrupt untiT the value or count reaches a predefined time designated as YETIME. At such point the block 210 
sets the YAW-ERR FLAG = 1. Thus, the YAW-ERR FLAG is maintained in a reset (0) condition until a linear operating 
condition (based on yaw error) has been established for a predefined period of time. This flag is used in determining the 
steh^ of the Brake Disturbance History and Spin flags described below in reference to the ftow diagrams of Figures 8 
and 9, respectively. 

^ ^ Non-linear Operation flag (INSTAB FLAG) is intended to indicate the presence of a condition in 
which the vehicle 10 has a tendency to enter non-linear operation, based on the average acceleration aa», of the un- 
dnven wheels. As noted b^ow in reference to Rgure 10. the YAW VALID FLAG is reset to zero if INST^FLAG - 1 
indicatng the presence of such a condition, if the average acceleration a™ in either directton is within a threshoW 
acceleration a*, as detennined by block 220 in Rgure 7. the btocks 222 and 224 are executed to set the INSTAB FLAG 
= 0. and to reset a timer or counter referred to herein as the Acceleration Timer (ACCEL TMR). If the average acceler- 
ation is outside the threshold, blocks 226-228 increment the Acceleration Timer at each interrupt untfl the value or count 
reaches a predefined time designated as ACTIME. At such point, the btock 230 sets the INSTAB FLAG = 1 Thus the 
WSTAB FLAG is maintained in a reset (0) condition until the average acceleration of the un<lriven wheels exceeds a 
trreshoki (or a predefined period of time. 

1002^1 The Brake Disturbance History flag (BK-DIST HIS FUG) is intended to indicate the presence of braking that 
wouU comipt the yaw rate estimate of expression (2). above. As noted below in reference to Figure 10. the YAW VAUD 
FLAG B reset to zero if BK-DIST HIS FLAG = 1. indicating the presence of such braking. If the BK-DIST FLAG 
deayibed above m reference to the flow diagram of Figure 4 is set as determined at block 232 of Figure 8 the block 
234 IS eofficuled to set BK-DIST HIS FLAG = 1. If the BK-DIST FLAG = 0, indicating that the brakes have been released 
lor a predefined fime, the blocks 236-240 are executed to detennine H the BK-DIST HIS FLAG should be reset based 
on the average speed and acceleration of the un-driven wheels, and the status of the YAW-ERR FUVQ. described above 
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in reference to the flow diagram of Rgure & the average speed o%vg rs greater than a threshold speed cdq^ and the 
average acceleration in either cOrecfion is less than a threshold accelerat'on or the YAW-ERR FLAG si (inB- 
eating the presence of a Gnear operating condition), the block 242 Is executed to set BK-DiST HIS FLAG => 0. Thus, the 
BK-DIST HIS FLAG is set as soon as the brakes are applied, and reset after the brakes have been released for a pre- 
5 defined period of time, and the average un-driven wheel speed is greater than a reference, and the average accelera- 
tion and yaw error are indicative of linear operation of the vehida 

[0021] The Spin flag (SPIN FLAG) is intended to indicate the occurrence of a vehicle spin-ouL As noted betow in ref- 
erCTce to Rgure 10. the YAW VALID FLAG is reset to zero if SPIN FLAG = 1 . indicating the occurrence of such a con- 
dition. If the average speed Gi^g of the un<triven wheels is less than a ttireshold speed (o^, and the average 

10 acceleration aavg In either direction is greater than a threshold acceleration aths. as determined at blocte 250-252 in 
Rgure 9. the block 254 is executed to set SPIN FLAG » 1 . Blocks 256-262 then determine if the SPIN FLAG shouM be 
reset to zero. To dear or reset the flag, three conditions must be met The first condition, determined by blocks 256-258. 
requires that either the YAW-^ERR FLAG = 1 (tow yaw error), or that the ST-UNE FLAG = 1 (straight vehicle heading). 
The second and third conditions, detenmined by blocks 260-262 require ttiat the average speed of the un-driven 

IS wheete is greater than the thre^old speed a>ih3. and that the average acceleration in either direction is less than 
the threshoki acceleration - Le.. the opposite condition defined by blocks 250-252. If all three conditions are met. 
ttie block 264 is executed to set SPIN FLAG = 0. Thus, ttie SPIN FLAG is set if the average speed and acceleration 
values are IrKlicative of a spirnout condition, and reset if the average speed and acceleration values and the states of 
the Vkw Enror and Straight Line flags indicate linear operation. 

20 [0022] The status of the \kw \AaIid flag, detemrnned by the flow dagram of Figure 1 0. depends on the status of the 
Brake Disturbance History, Spin and Onset of Non-linear Operation flags. If any of these flags are set. as determined 
at blocks 270-274. ttie block 276 is executed to set the YAW-VALID FLAG = 0. indicating that ttie yaw estimate detisr- 
mined at block 134 of Rgure 3 should not be used for yaw control; in ttiis case, the open-loop control based on blocks 
118-120 is utilized, as described above. If each of the Brate Distuitance History, Spin and Onset of Non-linear Opera- 

25 tion flags are reset to zero, the block 278 is executed to set the YAW-VALID FLAG s i , indk;ating that the yaw estimate 
determined at block 1 34 of Rgure 3 should be used for yaw control; In this case, the dosed-loop control based on blocks 
106-1 12 is utilized, as descrO^ed above. 

[0023] In summary, an advantage provided by an example of tiiis invention is a lew-cost vehide yaw control tiiat does 
not require a yaw sensor. An estimate of yaw based on the speeds of the un-driven wheels of the vehide is utilized for 
30 dosed-loop control of yaw so tong as a logical analysis of other parameters induding the un-drlven wheel speeds, esti- 
mated yaw enror. braking and steering wheel angle indicates that the yaw estimate valid. When the bgical analysis 
indicates tiiat the yaw estimate is no tonger valid, an alternate control ttiat does not require yaw feedback (such as ttie 
disdosed open-loop feed-foPArard control) |s utilized for control of yaw. 

35 Claims 

1 . A vehide yaw control metiiod utilizing differential braking of the vehide wheels to impart a desired yaw moment on 
the vehide. ttie vehide having a pair of un-driven wheels, ttie mettiod comprising the steps of: 

40 measuring speeds of ttie un-driven wheels of ttie vehnle (28. 30. 32. 34); 

estimating a yaw rate of ttie vehicle based on a difference iDetween tiie measured speeds (134); 
analyzing known vehide parameters induding ttie measured wheel speech a yaw error based on deviation of 
ttie estimated yaw rate from a desired yaw rate, vehicle steering ang^e, and presence of driver braking to deter- 
mine when ttie estimated yaw rate is valkl and when ttie estimated yaw rate is invalid (1 04); 

45 differentially braking ttie vehrcle wheels to impart a yaw moment based on the deviatkin of ttie estimated yaw 

rate from ttie desired yaw rate when ttie estimated yaw rate Is detemiined to be valid (108. 1 10, 1 12, 1 14. 1 16); 
and 

differentially braking the vehide wheels to impart a yaw moment based on ttie desired yaw rate without regard 
to ttie estimated yaw rate when ttie estimated yaw rate is detemfiined to be invalid (118, 120, 1 14, 116). 

so 

2. The vehide yaw control mettiod according to Claim 1 . wherein the desired yaw rate is detemiined based on ttie 
vehicle steering angle, the vehicle velocity, and a desired urxjersteer of ttie vehicle (106). 

3. The vehide yaw control mettiod according to Claim 1 , wherein ttie step of analyzing known vehide parameters to 
55 detem^e when ttie estimated yaw rat~ Is valid and when ttie estimated yaw rate is invalid indudes ttie step of: 

detemnining ttiat ttie estimated yaw rate is invafid in response to an indication ttiat driver braking is present 
(140). 
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4 The vehide yaw control method aocbrding to Claim 3. wherein the indication that driver iH^ngte present is main- 
tained tor a predeTmed period of time after driver Ijraking is no longer present (160, 166, 168. 170). 

5. The yaw control method according to Qaim 1, wherein the step of analyzing l«wn >«Wde Parainetersto deter- 
mine when the estimated yaw rate is vaTid and when the estimated yaw rate is invafid includes 

detenninlng that the estimated yaw rate is imalid in response to an Indication that the vehicle is in a spiixnit 
condition (182). 

6. The yaw control method according to Claim 5, Including the steps of. 

eonvuling an average of the measured wheel speeds (136). 

coniputii^ an average acceleiBlion of the un-driven wheels based on the computed average of the measured 

SSSS?*e iitf^ that the vehicle is m a spin-out condition when the computed average of the meas- 
ured wheel speeds is less than a predefined speed threshold and the computed average acceleration is 
greater than a pred^ined aoceleraBon threshold (250. 252. 254). 

7. The vehicle yaw control method accoiding to Claim 6. wherein after the indication that the vehideis in a ^irt 
condition has been generated.ais maintained even though the computed average <rf the m^^ 

is greater than the predefined speed threshold and the computed average acceleraton is less than the Preddined 
acceleration threshold if the steering angle or yaw enor fail to fall within predeTmed thresholds fcr a predefined 
period of time (256. 258). 

8. ThevehideyawcontrolmethodaccordingtoClaiml.wherelnthestepofanalyzingknc^ 

determine when the estimated yaw rate is valid and when the estimated yaw rate is invalid indudes the step of. 

determining that the estimated yaw rate is invalid in response to an indication that the vehide has a tendency 
to enter non-linear operation (148). 

9. The vehide yaw control method according to Claim 8. induding the steps of: 

computing an average of the measured wheel speeds (1 36). 

conputmg an average acceleration of the un-driven wheels based on the computed average of the measured 

wheel speeds (138): ^. j.^xi.«~»n«..»a/4 

generating the indication that the vehide has a tendency to enter nonlinear operation whw the .computed 
average acceleration is greater than a predeTmed acceleralion threshold for at least a predefined penod of time 
(220.22^ 228,230). 

10. The vehide yaw control method according to Claim 9. wherein the indication that the veWde has a tend^ to 
enter nonlinear operation Is temUnated when the computed average acceleration is fails below the predefined 
acceleration threshdd (220, 222, 224). 
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(54) Vehicle yaw control method 

(57) A vehicle yaw control method utilizing differen- 
tial braicing of the vehicle wheels to Impart a desired yaw 
moment on the vehicle, the vehicle having a pair of un- 
driven wheels, the method comprising the steps of: 
measuring speeds of the un-driven wheels of the vehicle 
(28. 30, 32, 34); estimating a yaw rate of the vehicle 
based on a difference between the measured speeds 
(134); analyzing l<nown vehicle parameters Including 
the measured wheel speeds, a yaw en-or based on de- 
viation of the estimated yaw rate from a desired yaw 
rate, vehicle steering angle, and presence of driver braic- 



ing to detemiine when the estimated yaw rate is valid 
and when the estimated yaw rate is Invalid {1 04); differ- 
entially braking the vehicle wheels to impart a yaw mo- 
ment based on the deviation of the estimated yaw rate 
from the desired yaw rate when the estimated yaw rate 
is detennlnedto be valid (108, 110, 112, 114, 116); and 
differentially braking the vehicle wheels to Impart a yaw 
moment based on the desired yaw rate without regard 
to the estimated yaw rate when the estimated yaw rate 
is detemilned to be Invalid (118, 120, 114. 116).. 
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